A numerical solution for the broadband planar-lightwave-circuit (PLC) splitter with a variable splitting ratio based on asymmetric three waveguides weighted by the Blackman weighting function is designed for passive optical network applications with wavelengths between 1.53 and 1.57 µm. The performance of the proposed splitter is verified using the beam propagation method (BPM). It was found that a polynomial function of the splitting ratios accompanying a geometrical shift can be derived from the proposed splitter. The splitting ratio can be changed from 50:50 to 90:10 with this geometrical shift. The excess loss, crosstalk, polarization dependent loss, and splitting ratio variations against wavelength of the proposed splitter with wavelengths between 1.53 and 1.57 µm are better than 0.139 dB, −22.75 dB, 0.006 dB, and 0.335%, respectively. Obviously, the proposed splitter with variable splitting ratio retains the advantages of the symmetric design, such as low excess loss, low crosstalk, polarization insensitivity, broadband, and wavelength insensitivity.
Introduction
For a passive optical network (PON), such as ethernet passive optical network (EPON), gigabit-capable passive optical network (GPON), broadband passive optical network (BPON), and fiber to the x (FTTX), a fiber optic splitter is one of the essential components in the optical fiber link [1] ; the 3-dB splitter is one of the most common. However, for network monitoring and flexibility in the PON architecture, a free choice of power splitting ratios is desirable, such as asymmetric Mach-Zehnder interferometers [2] . Moreover, the optic splitters with a broadband characteristic are often required in the wavelength division multiplexing (WDM) applications.
Several power splitting technologies have been developed, such as adiabatic Y branches [3] , directional couplers [4] , and multimode interference (MMI) couplers [5] . Some special MMI couplers based on special design are proposed to realize the function of arbitrary power splitting ratio, such as surface relief holograms [6] , angled structure [7] , special butterfly geometrical structure [8] , cascaded step-size structure [9] , quick response (QR) code-like structure [10] , and asymmetric interference structure [11] . Some of those techniques are wavelength sensitive and some are wavelength insensitive. Some of those MMI components are sensitive to wavelength [6] [7] [8] while some are wavelength insensitive [9] [10] [11] . Arbitrary-ratio power splitters with wavelength insensitivity are appealing for
Theoretical Model
As shown in Figure 1 , the variable splitting ratio splitter with coupling-weighted and velocity-tapered waveguides (CVW) structure is composed of three single-mode waveguides. The parameter G a is the central gap with maximum coupling and G b is the perturbation. In addition, the width of the narrower port of the waveguide is W a . The width of the wider port of the waveguide is W b . Then, H is the height of guide. L R is the length of two outer guides. The wave propagates in the z-direction. In order to adjust the splitting ratio, a length L s from the center of the two outer guides is shifted in the z-direction. When the shifting length is set to zero (L s = 0), the device is symmetric in the x-direction relative to guide 0. The width of guide 0 is (W a +W b )/2. The guide 1 and 2 are velocity-tapered and coupling-weighted. In order to weight the device structure with tapered width and gap, the Blackman function is employed. Two adjacent guides are set tightly that power is able to be coupled by each other. The match point with the maximum coupling coefficient is set in the central position of the outer guide, in which the propagation constant mismatch is zero.
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In such an adiabatic coupled-mode system, the standard coupled differential equations describing changes in the mode amplitudes [20] with distance is defined as:
where a = a 1 a 0 a 2 T is a vector containing the amplitudes of the modes in guides 1, 0, and 2.
M is a 3 × 3 matrix. δ 1 and δ 2 are the dephasing terms of the structure. κ 1 and κ 2 are the coupling terms of the structure. Those elements of M vary with distant z.
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BPM Simulation Results and Discussion
In the proposed splitter, the core index is 1.543 and the refractive index of cladding is 1.528 at wavelength 1.55 µm. In order to keep single-mode [22] operation in C-band, the proposed waveguide height is less than 3.56 µm and the width is less than 4.45 µm. The 3D-BPM [23] is used to evaluate the design concept and the performances of the devices. The fundamental TE mode is launched in the guide 0 for 1.55 µm wavelength. Here, an extra section waveguide must be added to the output port of guide 1, as shown in Figure 1 , to avoid discontinuities on the output port in 3D-BPM simulation and obtain a meaningful result. The extra guide is considered to keep the cross section and the slope of the guide 1 at z = LR. It can be readily achieved by directly extending the guide 1. Thus, the I/O ports of this extra guide and the output port of guide 1 exhibit the same cross section. The extended waveguide is described as a parallel hexahedron, in which the light energy from guide 1 can be maintained. The slope of the extended guide can be defined by the derivative of One particular case occurs as the shifting length is zero (L s = 0), the proposed splitter becomes a symmetric structure which is relative to the center guide, resulting in δ 1 = δ 2 = −δ and κ 1 = κ 2 = κ. Full 3-dB power transfer from the center guide to the two outer guides can be achieved [21] .
For a small shifting length (L s 0), the coupled-mode amplitudes of (1) results in δ 1 δ 2 and κ 1 κ 2 . As shown in Figure 1 , the symmetry of the CVW splitter is broken by shifting guide 2. The power ratio between the two outer guides can be changed by varying the shifting length L s .
In the proposed splitter, the core index is 1.543 and the refractive index of cladding is 1.528 at wavelength 1.55 µm. In order to keep single-mode [22] operation in C-band, the proposed waveguide height is less than 3.56 µm and the width is less than 4.45 µm. The 3D-BPM [23] is used to evaluate the design concept and the performances of the devices. The fundamental TE mode is launched in the guide 0 for 1.55 µm wavelength. Here, an extra section waveguide must be added to the output port of guide 1, as shown in Figure 1 , to avoid discontinuities on the output port in 3D-BPM simulation and obtain a meaningful result. The extra guide is considered to keep the cross section and the slope of the guide 1 at z = L R . It can be readily achieved by directly extending the guide 1. Thus, the I/O ports of this extra guide and the output port of guide 1 exhibit the same cross section. The extended waveguide is described as a parallel hexahedron, in which the light energy from guide 1 can be maintained.
The slope of the extended guide can be defined by the derivative of the tapered gap [21] of guide 1 at z = L R . Its length in the z direction is the same as the shifting length L s .
The seven parameters to be determined are shown in Figure 1 . To fulfill the single mode condition, two out of the seven parameters of CVW, the width of the wider port W b and the height of the waveguide H, can be predetermined. Then, the shifting length L s is set to zero for 50:50 splitting. Thus, only four parameters are used in the full factorial design method. It was found that a satisfactory result can be obtained to simultaneously satisfy −20 dB crosstalk and equal power splitting in C-band. The results are as follows: G a = 6.6, G b = 5.6, W a = 2.6, W b = 4.4, H = 3.5 µm, and L R = 3.8 mm.
The BPM simulation result of power evolution along the z-direction for CVW splitter with the shifting length L s is shown in Figure 2 . One can see that the input power from the center guide can be gradually divided into the two outer guides along the z-direction. In addition, the power output from guide 1 will be greater than that from guide 2.
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The R-squared value is 0.9996 representing a good fit to the actual data. The polynomial indicates that the average splitting ratio in C-band corresponding to the shifting length Ls can be predicted precisely.
Further analysis on the wavelength dependent of splitting ratio with wavelengths between 1.53 and 1.57 µm at the different shifting length Ls is shown in Figure 4 . Five specific splitting ratios of output port guide 1 and guide 2 as the function of wavelength for each specific shifting lengths Ls are presented. When the splitting ratio is adjusted from 50:50 to 90:10, the deviation of the splitting ratio of the splitter with wavelengths between 1.53 and 1.57 µm does not exceed 0.335 from a close examination of the data shown in Figure 4 . It indicates that the proposed CVW splitter with variable splitting ratio is wavelength insensitivity. In the whole C-band, the average splitting ratios of 50:50, 60:40, 70:30, 80:20, and 90:10 could be achieved by using BPM corresponding to the shifting length of 0, 0.063, 0.128, 0.2, and 0.297 mm, respectively. For C-band, regression analysis is employed to process these five points to derive regression polynomials:
The R-squared value is 0.9996 representing a good fit to the actual data. The polynomial indicates that the average splitting ratio in C-band corresponding to the shifting length L s can be predicted precisely.
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Further analysis on the wavelength dependent of splitting ratio with wavelengths between 1.53 and 1.57 µm at the different shifting length Ls is shown in Figure 4 . Five specific splitting ratios of output port guide 1 and guide 2 as the function of wavelength for each specific shifting lengths Ls are presented. When the splitting ratio is adjusted from 50:50 to 90:10, the deviation of the splitting ratio of the splitter with wavelengths between 1.53 and 1.57 µm does not exceed 0.335 from a close examination of the data shown in Figure 4 . It indicates that the proposed CVW splitter with variable splitting ratio is wavelength insensitivity. In order to further demonstrate the wavelength-insensitive performance of our proposed CVW splitter, we compare the root mean square (RMS) values of the splitting ratio of CVW and MMI [11] splitters. For the 90:10 MMI splitter, the RMS value of the splitting ratio is approximately 0.36 with wavelengths between 1.53 and 1.57 µm. For the proposed 90:10 CVW splitter, the RMS value of the splitting ratio is only 0.11, showing the superior performance of the CVW design. Figure 5a shows the variations of excess loss with splitting ratios of 50:50, 60:40, 70:30, 80:20, and 90:10 with wavelengths between 1.53 and 1.57 µm. The excess loss of the device for is about 0.111 0.139 dB. For the MMI splitter [11] , the excess loss is less than 0.312 dB while the splitting ratio is adjusted from 50:50 to 90:10 with wavelengths between 1.53 and 1.57 µm. The excess loss of the CVW splitter is 0.173 dB lower than in the MMI splitter. Figure 5b shows that the undesired crosstalk P 0 observed in guide 0 is below −22.75 dB. Those mean that the power transfer of the variable-ratio CVW splitter is stable with low crosstalk and low excess loss with wavelengths between 1.53 and 1.57 µm.
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where EL TE is the TE-polarized excess loss and EL TM is the TM-polarized excess loss. Figure 6 shows the variations of the polarization dependent loss in C-band with splitting ratios of 50:50, 60:40,70:30, 80:20, and 90:10. One can see that all PDL simulation results are less than 0.006 dB. Figure 7 compares the two waveforms of output power guide 1, guide 0, and guide 2 for TE and TM modes with splitting ratio 90:10 at wavelength 1.55 µm. The mean absolute percentage error (MAPE) function is used to evaluate the output waveforms for TE and TM modes. The MAPE value is 1.77%; in other words, the output waveforms for TE and TM modes coincide well. Figures 6 and 7 indicate that the CVW splitter is insensitive to polarization. Figure 6 shows the variations of the polarization dependent loss in C-band with splitting ratios of 50:50, 60:40,70:30, 80:20, and 90:10. One can see that all PDL simulation results are less than 0.006 dB. Figure 7 compares the two waveforms of output power guide 1, guide 0, and guide 2 for TE and TM modes with splitting ratio 90:10 at wavelength 1.55 µm. The mean absolute percentage error (MAPE) function is used to evaluate the output waveforms for TE and TM modes. The MAPE value is 1.77%; in other words, the output waveforms for TE and TM modes coincide well. Figure 6 and Figure 7 indicate that the CVW splitter is insensitive to polarization. Furthermore, splitting ratios for various shifting length Ls and optical performances characteristics are concisely summarized in Table 1 . It was found that this proposed splitter with variable splitting ratio can achieve excellent performances such as low crosstalk, low excess loss, wavelength independence, and polarization insensitivity in C-band. Table 2 lists the fabrication tolerance of the design parameters for 90:10 splitting ratio. The allowed splitting ratio deviation and crosstalk are set to ±1% and −20dB, respectively. For 50:50 splitting, the most sensitive parameter is where TE EL is the TE-polarized excess loss and TM EL is the TM-polarized excess loss. Figure 6 shows the variations of the polarization dependent loss in C-band with splitting ratios of 50:50, 60:40,70:30, 80:20, and 90:10. One can see that all PDL simulation results are less than 0.006 dB. Figure 7 compares the two waveforms of output power guide 1, guide 0, and guide 2 for TE and TM modes with splitting ratio 90:10 at wavelength 1.55 µm. The mean absolute percentage error (MAPE) function is used to evaluate the output waveforms for TE and TM modes. The MAPE value is 1.77%; in other words, the output waveforms for TE and TM modes coincide well. Figure 6 and Figure 7 indicate that the CVW splitter is insensitive to polarization. Furthermore, splitting ratios for various shifting length Ls and optical performances characteristics are concisely summarized in Table 1 . It was found that this proposed splitter with variable splitting ratio can achieve excellent performances such as low crosstalk, low excess loss, wavelength independence, and polarization insensitivity in C-band. Table 2 lists the fabrication tolerance of the design parameters for 90:10 splitting ratio. The allowed splitting ratio deviation and crosstalk are set to ±1% and −20dB, respectively. For 50:50 splitting, the most sensitive parameter is Furthermore, splitting ratios for various shifting length L s and optical performances characteristics are concisely summarized in Table 1 . It was found that this proposed splitter with variable splitting ratio can achieve excellent performances such as low crosstalk, low excess loss, wavelength independence, and polarization insensitivity in C-band. Table 2 lists the fabrication tolerance of the design parameters for 90:10 splitting ratio. The allowed splitting ratio deviation and crosstalk are set to ±1% and −20 dB, respectively. For 50:50 splitting, the most sensitive parameter is W b , the width of the wider port of the waveguide section [21] . However, It was found that the central gap G a becomes the most sensitive among all parameters for the 90:10 splitting. Figure 8 shows the curve of the splitting ratio against central gap. It was found that the central gap achieving the 90:10 splitting can be designed at the peak of the curve, which results in higher tolerance. 
Wb, the width of the wider port of the waveguide section [21] . However, It was found that the central gap Ga becomes the most sensitive among all parameters for the 90:10 splitting. Figure 8 shows the curve of the splitting ratio against central gap. It was found that the central gap achieving the 90:10 splitting can be designed at the peak of the curve, which results in higher tolerance. 
Conclusion
In this study, a numerical solution for the broadband PLC splitter with variable splitting ratio based on asymmetric three waveguides weighted by the Blackman weighting function was designed for PON applications with wavelengths between 1.53 and 1.57 µm. The performance of the 
Conclusions
In this study, a numerical solution for the broadband PLC splitter with variable splitting ratio based on asymmetric three waveguides weighted by the Blackman weighting function was designed for PON applications with wavelengths between 1.53 and 1.57 µm. The performance of the proposed splitter was evaluated by BPM. The two polynomial functions of the splitting ratios accompanying a shifting length were performed. It was found that the splitting ratio could be changed from 50:50 to 90:10 by adjusting the shifting length with wavelengths between 1.53 and 1.57 µm. The excess loss, crosstalk, polarization dependent loss, and splitting ratio variations against wavelength are better than 0.139 dB, −22.75 dB, 0.006 dB, and 0.335%, respectively. Obviously, the variable splitting-ratio splitter with excellent performances is suitable for a variety of PON applications.
